• First identification of the magnetospheric driver of STEVE using conjunction magnetospheric observations
Introduction
The aurora is a spectacular natural phenomenon that occurs in the polar regions. It occurs statistically within the auroral oval, an oval-shaped belt around the magnetic pole (usually between 65-80º in magnetic latitude) [Feldstein, 1963] . Auroral features are caused by the dynamics of energetic particles in the Earth's magnetosphere as they precipitate into the upper atmosphere. There are many types of ionospheric photon emissions, which are generally generated by the impact excitation by 1) precipitating electrons followed by the de-excitation of the neutrals releasing the photon such as aurora or 2) local ionospheric process such as stable red auroral (SAR) arc. Their electron source and energy are vastly different. There are two types of classic aurora, the diffuse and the discrete aurora. Diffuse aurora is powered by energetic electron precipitation as electrons are scattered into the loss cone via wave-particle interactions [Ni et al., 2008; Thorne et al., 2010] . Discrete aurora is caused by precipitating electrons between 1-10 keV accelerated by quasi-static field-aligned potential drop located several thousand km or even a few RE above the Earth [Hull et al., 2003; Mozer et al., 1977] . The electrons could also be accelerated to a few hundred eV by time-dependent Alfven waves with strong Poynting flux [Chaston et al., 2003; Ergun et al., 2001; Keiling et al., 2003; Lysak and Song, 2003; Wygant et al., 2002] . In addition to precipitation, local ionospheric processes cause emission classified as airglow (often referred as dayglow or nightglow [Solomon, 2017] and reference therein), or SAR arc by heat flux from the magnetosphere [Barbier, 1958; Hoch and Lemaire, 1975; M. Rees and Roble, 1975; Shiokawa et al., 2013] .
A distinctive emission feature, STEVE (Strong Thermal Emission Velocity Enhancement), was reported for the first time by the scientific community [MacDonald et al., 2018] with the help of citizen scientists (amateur auroral photographers) via Aurorasaurus [MacDonald et al., 2015] . It occurs in the subauroral region equatorward of the auroral oval and it is thin in latitude and wide in longitude. In addition, STEVE has green picket-fence auroral features which propagate westward along the purple arc. In MacDonald et al. [2018] , a STEVE event was studied using conjunction observations from the Redline Emission Geospace Observatory (REGO) all-sky imager (ASI) at Lucky Lake (LUCK) and a Low Earth Orbit (LEO) satellite Swarm-B. In the ionosphere, STEVE was accompanied by increased electron temperature, depleted plasma density, strong westward ion velocity and weak magnetic perturbations indicative of field-aligned currents (FACs), which are consistent with the ionospheric features of an SAID. A recent study, using observations from the LEO satellite POES-17, showed that STEVE might not be associated with particle precipitation, suggesting that STEVE might be generated by local ionospheric process .
However, the lowest energy channel of the particle detectors onboard POES-17 measured the total flux integrated between 50-2000 eV, therefore it did not rule out the possibility that STEVE might be associated with lower-energy ions or electrons. As POES-17 lacks in-situ thermal plasma measurement capability, the ionospheric process producing STEVE optical emission remains unclear. After the second revision of our paper was sent in for review, an independent study of the same topic appeared [Nishimura et al., 2019] . The main difference between is that their magnetospheric observations are conjunction to the dark ionosphere about 1-hour magnetic local time away from STEVE; our magnetospheric satellites' footprint crossed STEVE directly.
In addition to unknown ionospheric processes, the magnetospheric driver powering STEVE is unknown. In this study, we identify the magnetospheric driver of STEVE using conjunction observations from ground-based ASIs, LEO satellite, and magnetospheric spacecraft. Our study reveals that the STEVE was associated with a large quasi-static electric field at a sharp plasmapause boundary. Strong kinetic Alfven waves, parallel electron acceleration, and perpendicular ion drift were observed at the plasmapause, providing several explanations for the underlying causes of STEVE.
Observations
We report a STEVE event occurred on 17 July 2018 in conjunction with ground-based ASIs, Swarm-B satellite, and two Van Allen Probes. The STEVE event occurred during a 2-hour period of continuous activity, which is consistent with a previous study . The Sym-H index started to decrease around 0430 UT and reached -30 nT around 0730 UT. The THEMIS AL index started to drop around 05:20 UT and reached a minimum of -600 nT.
Ground-based optical observations
STEVE was captured by two white-light THEMIS ASIs at Athabasca (ATHA) and Pinawa (PINA) between 06:30 UT to 07:20 UT on 17 July 2018. Figure 1 shows the long and narrow band of the continuous STEVE emission at four selected times (see movie S1 for the entire image sequence). The continuous emission of STEVE was captured by a REGO ASI at LUCK (the same four times in Figure S1 ). In addition, both the continuous narrow 'purple' emission and green picket-fence structures were captured by two citizen scientists, from both northern and southern sides of STEVE (photographs by Colin Chatfield and Neil Zeller are available in Figure S2 ). The purple and green emissions overlapped near the zenith ( Figure S2b ), suggesting that two emissions were aligned nearly along the magnetic field lines. The continuous emission was located higher in altitude than the green emission when viewed away from the zenith ( Figure S2a ). STEVE was ~ 0.2° wide in magnetic latitude (MLAT) and at least 2 hours wide in magnetic local time (MLT) (limited by the field of view of the ASIs). STEVE first occurred at about 61° MLAT, gradually moved equatorward to ~59.5° MLAT, and faded away afterward. In addition to STEVE, the REGO ASI at LUCK also observed an east-west aligned SAR-like arc, which was only visible in the redline emission. The observations show that the SAR-like arc was different from STEVE during this event (Figure 1 and S1), which is clear when watching two movies S1 and S2 side-by-side. 1) The SAR-like arc was only visible in the redline emission but not in the white-light ASIs; 2) it occurred earlier than STEVE; 3) it was thicker and was located at a lower latitude (see Figure S1c and Figure 3b) . Thus, the observations from white-light THEMIS ASIs and photographs from citizen scientists are essential supplementary to identify STEVE from the SAR-like arc. Their differences in timing, duration, morphology, and types of emissions also suggest that STEVE and the SAR-like arc have different generation mechanisms. With the overlaps in the field-of-views between the ASIs, the STEVE peak emission altitude was determined using traditional triangulation method to be ~ 280 km. This STEVE altitude corresponds to the altitude of maximum ionization rate of low energy electrons (<100 eV) [Manfred Rees, 1964] . Uncertainties of the altitude estimate could be contributed from many factors and require further investigation.
The proton aurora, equatorward of the discrete aurora, was observed by Forty-Eight Sixty-One (FESO) meridian scanning photometers (MSPs) that record proton aurora emission at 486.1 nm [Unick et al., 2017] at LUCK and Athabasca University. The proton aurora was located a few degrees poleward of STEVE during this event (see Figure S3 ). Therefore, STEVE did not correspond to the classic proton aurora or discrete electron auroral arcs (further poleward than proton aurora) [Davis, 1978; Yahnin et al., 1997] , consistent with MacDonald et al. [2018] .
Ionospheric observations: Swarm
Ionospheric variations associated with STEVE were observed by Swarm-B in LEO. The Swarm constellation consists of three identical satellites [Friis-Christensen et al., 2006] . Swarm-B has an altitude of ~530 km, while the other two satellites fly almost side-by-side at ~480 km.
Each Swarm satellite carries high-precision and high-resolution instruments [Knudsen et al., 2017; Ritter et al., 2013] to measure magnetic field, ion flow velocity, ion and electron temperatures, and plasma density. Figure 2c ) increased from 2500 K outside to 7600 K at its center, which was extremely high. Electron heating to a few thousand Kelvins is known to produce red auroral emission at 630.0 nm by exciting the lowest electronic state in atomic oxygen O(1D), which is responsible for stable red auroral (SAR) arcs [Förster et al., 1999; Foster et al., 1994; Sazykin et al., 2002] . The above features are consistent with the signatures of SAID in the ionosphere [Anderson et al., 1993; Galperin, 2002; He et al., 2014; Mishin, 2013; Puhl-Quinn et al., 2007; Spiro et al., 1977] .
Magnetospheric observations: Van Allen Probes
In this study, the magnetospheric driver of STEVE is identified using the observations from the Van Allen Probes as shown in Figure 3 . Van Allen Probes are two identical spacecraft in nearly the same highly elliptical, low inclination orbits (1.1×5.8 RE, 10º) [Mauk et al., 2012] .
During this event, two Van Allen Probes traveled tailward, from the plasmasphere into the plasma sheet at pre-midnight local time (see L shell in the time axis labels). Their magnetic footprints crossed STEVE successively around 06:53 UT and 06:47 UT at two separated MLTs ( Figure 1 ). As their footprints traversed STEVE (indicated by the luminosity peaks at their footprints, Van Allen Probe B shown), they crossed the plasmapause (PP) where the plasma density ( Figure 3c ) decreased from ~1000 cm -3 to 10 cm -3 within 500 km (<0.1 RE). The plasma density is inferred from the upper hybrid resonance frequency observed by the EMFISIS instrument [Kurth et al., 2015] . In addition, their footprints crossed the SAR arc earlier at lower latitudes ( Figure 3b ).
STEVE is associated with an SAID at the plasmapause. The background magnetic field was mainly northward in GSM coordinates with an amplitude of ~270 nT. The magnetic perturbations (Figure 3d , subtracted by the IGRF model and detrended with a 20-min window)
showed a bipolar pattern in the northward component (Bz) with a peak-to-peak variation of ~20
nT at the plasmapause suggesting the existence of an eastward current. A strong tailward quasistatic electric field of ~-20 mV/m ( Figure 3e ) was observed at the plasmapause by Van Allen
Probe-B (the DC-coupled electric field and other measurements on Van Allen Probe-A were similar, but they were not reliable during this event due to radiation damage accumulated by the preamplifiers and thus not shown). This strong electric field corresponded to a strong westward plasma drift velocity VEXB of ~ 80 km/s. The strong and narrow electric field is a typical feature of an SAID in the equatorial magnetosphere ( [Mishin, 2013] and references therein). The observed SAID coincided with the inner edge of the ion plasma sheet, which is similar to subauroral polarization streams (SAPS) [Foster and Vo, 2002; Southwood and Wolf, 1978; Yeh et al., 1991] . This eastward current and the ionospheric FACs were likely caused by the misalignment of gradient in the ring current pressure (see last discussion paragraph) and magnetic flux volume [Vasyliunas, 1970; Wolf, 1983; 1995] . The FACs flow into regions of low ionospheric conductivity (low ionospheric electron density observed by Swarm-B), which lead to the observed large electric field in order to maintain current continuity [Foster and Burke, 2002] .
In this event, the ion and electron energies near the plasmapause reached a few hundred volts as observed by the HOPE instrument [Funsten et al., 2013] simultaneously with the strong quasi-static electric field. The spacecraft floating potential of Van Allen Probe-B was only a few volts, suggesting that the observed plasma energy was real. The proton energy increased from a few eV to a few hundred eV at the peak of the electric field, and then dropped back. These protons were mostly perpendicular to the magnetic field, since the perpendicular proton flux was much higher than the parallel flux. The purple line in Figure 3g , which is the energy of protons moving at the speed of VEXB drift (1/2mpVEXB 2 ), agrees well with the observed proton flux peak energy. This fact suggests that the protons were drifting at the electric field drift velocity (not stochastic heating). Since the proton drift velocity at the plasmapause was perpendicular, it is unlikely that they precipitated into the ionosphere.
The electrons at the plasmapause were accelerated to a few hundred eV. The electron acceleration, on the other hand, was stochastic and mostly in the parallel direction since the normalized parallel electron flux increased significantly ( Figure 3i , the ratio of the parallel electron flux to the omni-directional flux in Figure 3h ). This parallel electron acceleration was associated with strong kinetic Alfven waves (KAW) at the plasmapause (Figure 3j-l) . The electric and magnetic field wave power spectra from EMFISIS were rotated into local fieldaligned coordinates. ZFAC is along the magnetic field B, YFAC is perpendicular to both the spin axis and B (roughly westward), and XFAC completes the orthogonal set (roughly sunward). The power spectra in EYFAC and BXFAC (Figure 3j and 3k) show strong broadband waves, and the ratio of EYFAC/BXFAC (Figure 3l) indicates that the Alfven waves were Doppler-shifted by the drift velocity VEXB, which is a typical signature of KAW [Chaston et al., 2014] . The black line in Figure 3i represents the maximum possible electron energy due to acceleration by the parallel electric field of the KAW [Artemyev et al., 2015; Kletzing, 1994] . The fact that the parallel accelerated electron flux stayed below the black line suggests that the parallel electrons were accelerated by the local kinetic Alfven waves. Note that the electron acceleration was underestimated because the integration did not include waves powers below the low-frequency cutoff of EMFISIS (4 Hz), which explains why the black line was lower coinciding with the KAW. These parallel low energy electrons (< a few hundred eV), if their pitch angles were within the local loss cone (7º), may precipitate into the ionosphere and contribute to the generation of STEVE. However, the pitch angle resolution of the HOPE instrument is too large (18º) to resolve the loss cone and directly calculate the energy flux of the electron precipitation.
We have estimated an upper limit to the energy flux of the electron precipitation of 0.068 erg/cm 2 /s when mapped to the ionosphere using the method developed by [Mozer, 1970] . Yet it is too weak to generate visible aurora which requires ~1 erg/cm 2 /s [Kivelson and Russell, 1995] .
There were substantially enhanced low-energy parallel electrons (~1-10 eV), however, which could transport heat flow into the topside ionosphere and result in electron heating during this event [Evans and Mantas, 1968; Liang et al., 2017; Moffett et al., 1998; M. Rees and Roble, 1975; Slater et al., 1987] . In addition, the electromagnetic energy of the KAW propagated along magnetic field lines and could accelerate the precipitating electrons through auroral acceleration process close to the Earth [Chaston et al., 2003; Keiling et al., 2003; Lysak and Song, 2003; Tian, 2017; Wygant et al., 2002] , which could contribute to the generation of STEVE emissions (see discussion).
Inside the plasmapause, the protons (Figures 3f and 3g) were heated stochastically to tens of eV in both parallel and perpendicular directions. The electrons flux increased to a few hundred eV, suggesting that the entire region had substantially enhanced 1-10 eV electrons. In addition, the protons with tens of keV plasma sheet energy were observed inside the plasmapause, and their energies decreased as they drifted across the tailward electric field region at the plasmapause, which was consistent with a ring current pressure gradient. These plasma populations inside the plasmapause coincided with the observed SAR arc, which is consistent with previous studies that the energy source of SAR arcs was related to the energy transfer from ring current ions to plasmaspheric cold electrons and ions as a result of energy degradation through Coulomb collisions [Fok et al., 1993; Kozyra et al., 1987] .
Discussion
In this study, we identified the magnetospheric driver of STEVE using conjunction observations from ground-based ASIs, Swarm-B, and the Van Allen Probes. An east-west aligned narrow and long STEVE was observed in the subauroral region. Swarm-B observations
showed that STEVE was associated with a narrow region of strong westward ion drift corresponding to strong poleward electric field, electron temperature peak, and a bipolar pattern of FACs, which were ionospheric signatures of an SAID. Van Allen Probes observed tailward electric fields near the plasmapause with substantially enhanced ions and electrons, and this region seems to encompass both SAR arcs and STEVE. The magnetospheric driver of STEVE was located at the sharp plasmapause, which was at the poleward/outer edge of this region. The observed narrow, strong and quasi-static electric field corresponded to westward plasma drift, which are magnetospheric features of an SAID. The electric field coincided with strong KAW, parallel acceleration of electrons, perpendicular acceleration of ions up to a few hundred eV, and energy discontinuity of penetrating plasma sheet plasma. The protons were drifting perpendicularly, while the electron acceleration by the KAWs was stochastic and parallel. In addition to STEVE, SAR arcs were observed at slightly lower latitudes and corresponded to the regions inside the plasmapause, where ring current ions and enhanced low-energy plasma were observed. This is consistent with previous studies that the energy source of SAR arcs is related to the energy transfer from ring current ions to plasmaspheric cold electrons and ions as a result of energy degradation through Coulomb collisions [Fok et al., 1993; Kozyra et al., 1987] .
The conjunction observations provide solid evidence that the magnetospheric driver of STEVE is an SAID at a sharp plasmapause. In this event, the morphological characteristics of STEVE gave clues as to its magnetospheric driver. Its occurrence at the poleward/tailward edge of the active subauroral region was consistent with the fact that its driver, an SAID, occurred at the plasmapause earthward of the plasma sheet. It was narrow in latitude and extended several hours in MLT, consistent with the fact that the SAID electric field at the plasmapause was radially narrow and azimuthally broad enough to be seen at different MLTs by two Van Allen
Probes and Swarm-B. STEVE lasted about one hour, which was consistent with the duration of an SAID ( [Mishin, 2013] and references therein). Besides, STEVE was different from the SAR arc in location, time and wavelength during this event. Therefore, although it has been suggested that SAIDs might be related to SAR arcs [Förster et al., 1999; Foster et al., 1994] , the unique characteristics of STEVE suggest that the SAIDs should be related to STEVE in this event.
Both the strong continuous narrow 'purple' emission and green picket-fence structures were captured by citizen scientists. STEVE's morphological features and different emission wavelengths suggest the presence of multiple underlying mechanisms discussed below.
The continuous STEVE emission could be contributed by the redline emission due to the ionospheric electron heating (similar to SAR arc). Previous studies suggest that redline emission could be many kR for Te > 4000 K [Carlson et al., 2013; Kozyra et al., 1990] . During the STEVE event, the ionospheric electron temperature reached a peak of ~7600 K. The ionospheric electron heating is usually caused by the heat conduction from the magnetosphere [Liang et al., 2017; Sazykin et al., 2002] . More specifically for this STEVE event, by the stochastic electron acceleration coincided with the SAID. Such a high electron temperature could contribute to the redline emission of STEVE observed by REGO at LUCK, which is estimated below. The volume emission rate at 630.0 nm as a line-of-sight integral from [Carlson et al., 2013] is: [Carlson et al., 2013] . Since the observations were insufficient to directly resolve the emission rate, we have compared our event with a SAR arc reported by Foster et al. [1994] . The red arc with 350 R brightness reported by Foster et al. [1994] corresponded to Te of 3500 K to 4000K, and Ne ~ 2.0 x10 4 cm -3 at 450 km (slightly higher than 1.3x10 4 cm -3 at 530 km for the current event). Since Te is the dominating parameter, Te ~ 7600 Kelvin could have produced red auroral emission of 7 to 17 kR which is visible to the human eye. Note that the emission may be somewhat overestimated because the ionospheric electron density is usually more depleted within a strong ionospheric flow.
Nevertheless, the redline emission during this STEVE event is strong due to the extreme electron temperature.
The continuous STEVE emission could also be contributed by electron precipitation accelerated to a few hundred eV by the auroral acceleration process powered by the Alfven waves. Precipitating electrons into the atmosphere can be accelerated by two mechanisms: quasistatic potential drops and time-dependent wave activity. In this study, observations at appropriate altitudes and latitude were not available to analyze if any parallel potential drop developed. It was suggested that STEVE is not dominated by precipitating electrons with energies of over a few keV MacDonald et al., 2018] . Our measurements also showed that the estimated energy flux of the equatorial precipitating electrons was too weak to produce any visible emission. On the other hand, the observed Alfven waves were able to power the auroral acceleration process associated with field-aligned electron acceleration to a few hundred eV. This is consistent with the electron energy (<100 eV) corresponding to the maximum ionization at the STEVE altitude [Manfred Rees, 1964] . Therefore, although the energy flux of the parallel electrons at the equator was weak, they may be accelerated in the auroral acceleration region by strong Alfven waves and contributed to the continuous STEVE emission.
The westward traveling green picket-fence of STEVE were clearly related to strong waves traveling along the plasmapause. The lifetime of the green line auroral emission (< 1 sec)
is shorter than the redline emission (~tens of sec) [Gustavsson et al., 2001] . Therefore, the green emission is likely an instantaneous optical manifestation of electron precipitations of ~keV energy produced by strong Alfven waves; whereas the redline emission is the accumulation of these waves. Previous studies have suggested the existence of ballooning instability, shear-flow instability [Kelley, 1986; Lakhina et al., 1990] , interchange stability [Sazykin et al., 2002] , or Kelvin-Helmholtz instability [Lui et al., 1982] at the plasmapause associated with density gradient and/or azimuthal flows. Instabilities are clearly at work at the sharp plasmapause where strong density and temperature gradients co-existed with strong azimuthal flow shear. Which instabilities are active is a challenging question and will require further investigation with more conjugate observations.
Conclusion
We identified the magnetospheric driver of STEVE using conjunction observations from ground-based ASIs, LEO Swarm-B satellite and two Van Allen Probes. STEVE was located at the poleward/tailward edge of an active subauroral region with strong poleward electric fields in the ionosphere with sharp electron density, downward FAC and tailward electric field near the plasmapause with substantially enhanced low energy electrons. This region seems to encompass both the SAR arc and STEVE. STEVE appears to be the optical manifestation of an SAID at the sharp plasmapause: a narrow quasi-static electric field maps along magnetic field lines, coinciding with significant plasma acceleration and strong KAW. The ionospheric electron heating due to heat conduction from the magnetosphere could have generated visible red aurora and contributed to the continuous STEVE emission. Parallel electron acceleration through auroral acceleration processes powered by Alfven waves could also contribute to the continuous emission. The green picket-fence emission of STEVE was likely related to electron precipitation caused by the waves traveling westward along the plasmapause. The SAR arc observed at lower latitudes likely corresponded to the formation of low-energy plasma population inside the plasmapause due to Coulomb collisions between ring current ions and plasmaspheric cold population. These ionospheric features and magnetospheric structures related to STEVE and SAR arc show strong implications to the inner magnetosphere-ionosphere coupling processes. . 
Introduction
Movie S1, S2, and Figure S1 , S2, S3 complementing information reported in the main text.
Movie S1. STEVE event observed on 17 July 2018 by the THEMIS ASI at ATHA and PINA, with the footprints of Van Allen Probes (blue for A and yellow for B) and Swarm-B (red).
Movie S2. STEVE event observed on 17 July 2018 by the Lucky Lack REGO ASI, with the footprints of Van Allen Probes (blue for A and yellow for B) and Swarm-B (red). Figure S3 . Keograms of the proton aurora observed by the Forty-Eight Sixty-One (FESO) meridian scanning photometers (MSPs) at LUCK (geographic coordinates: 252.74 º, 51.15º) and ATHA (geographic coordinates: 246.69º, 54.71º) that record proton aurora emission at 486.1 nm. Their locations are marked in Figure S1 (d). The MSP at LUCK was located close to STEVE, while the proton aurora was located 4º poleward than the center of the MSP at luck (51.15º). The MSP at ATHA was located poleward of STEVE, and the proton aurora was further poleward than its center (54.71º). Therefore, the proton aurora was a few degrees poleward of STEVE throughout the event.
